By making use of the Green function concept of quantization of the electromagnetic field in Kramers-Kronig consistent media, a rigorous quantum mechanical derivation of the rate of intermolecular energy transfer in the presence of arbitrarily shaped, dispersing, and absorbing material bodies is given. Applications to bulk material, multi-slab planar structures, and microspheres are studied. It is shown that when the two molecules are near a planar interface, then surface-guided waves can strongly affect the energy transfer and essentially modify both the (Förster) short-range R −6 dependence of the transfer rate and the long-range R −2 dependence, which are typically observed in free space. In particular, enhancement (inhibition) of energy transfer can be accompanied by inhibition (enhancement) of donor decay. Results for four-and five-layered planar structures are given and compared with experimental results. Finally, the energy transfer between two molecules located at diametrically opposite positions outside a microsphere is briefly discussed.
By making use of the Green function concept of quantization of the electromagnetic field in Kramers-Kronig consistent media, a rigorous quantum mechanical derivation of the rate of intermolecular energy transfer in the presence of arbitrarily shaped, dispersing, and absorbing material bodies is given. Applications to bulk material, multi-slab planar structures, and microspheres are studied. It is shown that when the two molecules are near a planar interface, then surface-guided waves can strongly affect the energy transfer and essentially modify both the (Förster) short-range R −6 dependence of the transfer rate and the long-range R −2 dependence, which are typically observed in free space. In particular, enhancement (inhibition) of energy transfer can be accompanied by inhibition (enhancement) of donor decay. Results for four-and five-layered planar structures are given and compared with experimental results. Finally, the energy transfer between two molecules located at diametrically opposite positions outside a microsphere is briefly discussed. 
I. INTRODUCTION
Intermolecular energy transfer as a fundamental process in many biochemical and solid-state systems has been of increasing interest [1] . It is often distinguished between two cases, namely (radiationless) short-range transfer (also called Förster transfer [2] ) and (radiative) long-range transfer. In the former the distance R between donor and acceptor is small compared with the electronic energy transfer wavelength λ A , R/λ A 1. The free-space transfer rate behaves as R −6 , which can be explained by the instantaneous (longitudinal) Coulomb interaction between the two molecules. In the latter the intermolecular distance substantially exceeds the transition wavelength, R/λ A 1. The observed R −2 dependence of the transfer rate can be regarded as being the result of emission and reabsorption of real (transverse) photons. It is worth noting that in a rigorous approach to the problem (e.g., within the framework of the multipolar formalism of QED [3, 4] ) the R −6 and R −2 distance dependences are limiting cases of a unified theory [5] .
When the two molecules are near material bodies, then the electromagnetic field felt by them can be quite different from that in free space and the intermolecular energy transfer can change accordingly. The effect has attracted attention, because it offers the possibility of controlling the energy transfer, with regard to potential applications, e.g., in high-efficiency light-harvesting systems, optical networks, and quantum computing. Enhanced energy transfer between molecules randomly distributed within a single glycerol droplet (of about 10µm diameter) [6] and within a polymer Fabry-Pérot microcavity [7] has been observed. Using monomolecular layers of donor and acceptor molecules (separated by distances of 10 . . . 20 nm) in planar microstructures, the dependence of short-range energy transfer on the local photon mode density has been demonstrated [8] .
Calculations of the energy transfer rate have been performed in order to include the effect of bulk material [9] , microspheres [10] [11] [12] [13] , and planar microcavities [14, 15] . The quantum theory given in Ref. [9] is based on a microscopic model that allows for both dispersing and absorbing bulk material. In Refs. [10, 11] the classical field generated by a donor dipole and felt by an acceptor dipole in the presence of a microsphere is substituted into the free-space Fermi's golden rule expression. A strictly quantum mechanical treatment that starts from a mode decomposition of the electromagnetic field according to the Helmholtz equation of the macroscopic Maxwell equations is given in Refs. [12, 14, 15] . Unfortunately, the microscopic theory developed for bulk material [9] becomes quite cumbersome when boundaries are present, and studies based on the standard mode expansion [12, 14, 15] cannot incorporate material absorption.
In the present paper we give a rigorous derivation of the rate of intermolecular energy transfer in the presence of arbitrarily shaped, dispersing, and absorbing material bodies, starting from the quantized version of the macroscopic electromagnetic field. The quantization is based on the introduction of Langevin noise current and charge densities into the classical Maxwell equations, which can then be transferred to quantum theory, with the electromagnetic-field operators being expressed in terms of a continuous set of fundamental bosonic fields via the classical Green tensor (see [16, 17] and references therein). In particular, we show that the minimal-coupling scheme and the multipolar-coupling scheme yield exactly the same form of the rate formula. It is worth noting that the formalism includes material absorption and dispersion in a consistent way, without restriction to a particular frequency domain, and applies to an arbitrary (inhomogeneous) medium configuration.
Here, we apply the theory to bulk material, multi-slab planar structures, and microspheres, with special emphasis on media of Drude-Lorentz type. In particular, we show that the energy transfer can be strongly modified, if the two molecules are sufficiently near an interface and surface-guided waves at the energy transfer wavelength exist. Four-and five-layered planar structures are studied, and the results are compared with recent measurements [8] . Finally, the effect of surface-guided waves and whispering-gallery waves in the case of the molecules being near a microsphere is briefly discussed.
The paper is organized as follows. In Section II the basic-theoretical concept of electromagnetic-field quantization is outlined and the energy transfer rate is derived. Section III is devoted to applications, with special emphasis on multi-slab planar structures, and concluding remarks are made in Section IV. Some deepening calculations are given in the Appendix.
II. BASIC EQUATIONS

A. The Hamiltonian
Let us consider an ensemble of point charges, interacting with the quantized electromagnetic field in the presence of absorbing media. The minimal-coupling Hamiltonian in Coulomb gauge reads [17, 18] 
wherer α is the position operator andp α is the canonical momentum operator of the αth (nonrelativistic) particle of charge q α and mass m α . The first term of the Hamiltonian is the energy of the medium-assisted electromagnetic field, expressed in terms of bosonic vector fieldsf (r, ω) with commutation relations
The second term is the kinetic energy of the charged particles, and the third term is their Coulomb energy, where the corresponding scalar potentialφ(r) is given bŷ
being the charge density of the particles, and ε 0 the vacuum dielectric permittivity. The last term is the Coulomb energy of interaction of the particles with the medium.
The scalar potentialφ(r) and the vector potentialÂ(r) of the medium-assisted electromagnetic field are given by
whereÊ
with δ ⊥ (r) and δ (r) being the transverse and longitudinal dyadic δ-functions, respectively, and
Here, G(r, r , ω) is the classical Green tensor, which obeys the inhomogeneous, partial differential equation (10) together with the boundary condition at infinity [δ(r) is the dyadic δ-function], with ε(r, ω) = ε R (r, ω) + iε I (r, ω) being the complex, space-and frequency-dependent permittivity.
Let us consider the case where the particles are constituents of neutral molecules (at positions r M ) that are well separated from each other. The Hamiltonian (1) can then be decomposed into an unperturbed partĤ 0 and an interaction partĤ int as followŝ
Here,Ĥ
is the Hamiltonian of the M th molecule,
is the Coulomb interaction energy between the M th and the M th molecule, and (16) is the interaction energy between the M th molecule [charge densityρ M (r)] and the medium-assisted electromagnetic field.
In what follows we shall restrict our attention to the (electric-)dipole approximation, so that Eq. (15) simplifies toV
is the dipole operator of the M th molecule. Disregarding theÂ 2 term in Eq. (16), making use of Eqs. (6)- (8), and applying the dipole approximation,Ĥ M int takes the form of
Here, the time derivative of the dipole operators,ḋ M , is given byḋ
B. The transfer rate
Let us consider the resonant energy transfer between two molecules A and B at positions r A and r B . The initial (final) state |i (|f ) describes the excited molecule A (B), the molecule B (A) being in the ground state, and the medium-assisted field in vacuum,
Using the Born expansion [19] up to the second order perturbation theory, the (total) rate of energy transfer can be given by
where p i is the occupation probability of the state |i , and
witĥ
Applying the decomposition (13), we may write
where
Let us first consider the Coulomb term a, b |V AB |a , b . From Eq. (17) it is not difficult to see that
In order to calculate a, b |T |a , b , we make use of Eqs. (19) and (20) [together with Eq. (21)], perform the summation and integrations over the possible inter-
. After some calculation we derive, on applying Eq. (9) and the relationship [16, 17] ,
and
or, equivalently,
The ω-integral in Eq. (36) may now be evaluated by means of contour-integral techniques, by taking into account that the Green tensor is a holomorphic function of ω in the upper complex half-plane, which asymptotically behaves as [17] 
We therefore close the path of integration by an infinitely large semicircle in the upper complex half-plane, |ω| → ∞, and subsequently subtract the semicircle integral. It is easily seen that only the terms in ∆ A (r, ω) and ∆ B (r, ω) [Eq. (34)] which are proportional to ω contribute to the integral over the semicircle,
It is further seen that only the first term in the curly bracket contributes to the integral over the closed path.
We thus arrive at
Substitution of the expressions (29) and (39) into Eq. (27) yields the transition amplitude
Note that the first term in Eq. (39) and the Coulomb term (29) exactly cancel out. We eventually combine Eqs. (25) and (40) and find that the rate of energy transfer between the chosen states |a , b and |a, b reads as
It can be proved (Appendix A) that the use of the multipolar Hamiltonian [17] instead of the minimal-coupling Hamiltonian (1) exactly leads to the same expression of the energy transfer rate. Let us now consider the total energy transfer rate according to Eq. (24), by taking into account the vibronic structure of the molecular energy levels. Restricting our attention to the Born-Oppenheimer approximation, we may factorize the dipole transition matrix elements according to
is the purely electronic transition-dipole matrix element of the transition between the lower and the upper electronic state of the molecule A(B), and v aa (bb ) are the overlap integrals between the vibrational quantum states in the two electronic states of the respective molecule. Combining Eqs. (24) and (41) yields
which can be rewritten as
wherẽ
respectively, are proportional to the (single-photon) emission spectrum of molecule A and the (single-photon) absorption spectrum of molecule B in free space each [20] . Thus, the rate of energy transfer is proportional to the overlap of the two spectra weighted by the square of the absolute value of the actual Green tensor. It is worth mentioning that Eqs. (41)-(47) apply to the resonant energy transfer between two molecules in the presence of an arbitrary configuration of dispersing and absorbing macroscopic bodies. All the relevant parameters of the bodies are contained in the Green tensor. Note that the emission (absorption) spectrum observed in this case is not proportional to σ
(B7).
In particular when the Green tensor slowly varies with frequency on a scale given by the (relevant) vibrational frequencies of the molecules, thenw(ω) is also a slowly varying function of frequency and can (approximately) be taken at the electronic energy transfer frequency ω A (≈ ω B ) and put in front of the integral in Eq. (44), thus
In this case, the influence of matter environment on the (total) energy transfer rate is fully contained inw(ω A ). Clearly, when the two molecules are near a resonatorlike equipment, so that the molecule can "feel" sharplypeaked field resonances, thenw(ω) cannot be assumed to be a slowly varying function of frequency in general (see Section III C).
It may be interesting to compare the rate of energy transfer with the donor decay rate. Straightforward generalization of the well-known formula for a two-level transition yields, on applying the Born-Oppenheimer approximation,
whereΓ
and σ em A (ω) is given by Eq. (46). Whereas the decay rate is determined by the imaginary part of the Green tensor (taken at equal positions), the transfer rate is determined by the full Green tensor (taken at different positions). Thus, decay rate and transfer rate can quite differently respond to a change of the environment.
III. APPLICATIONS A. Bulk material
Let us first consider the case when the two molecules are embedded in bulk material of arbitrary complex permittivity ε(ω). Using the well-known expression of the bulk-material Green tensor G bulk (r, r , ω) (see, e.g., [17] ), application of Eq. (45) yields
The energy transfer rate is then obtained according to Eq. (44). Obviously, the Green tensor of bulk material can be regarded as being a slowly varying function of frequency, so that the approximation (48) applies. From Eqs. (52) and (53) it is seen that the energy transfer rate includes both the small-distance case (Förster transfer), with the rate being proportional to R −6 , and the large-distance (radiative) case, where the rate becomes proportional to R −2 . Note that the expo-
, which typically arises from material absorption, drastically diminishes the large-distance energy transfer [ ε(ω) = n(ω) = n R (ω)+in I (ω)]. In Eq. (52) local-field corrections are ignored. They may be taken into account by applying, e.g., the scheme used in Ref. [18] for correcting the rate of spontaneous decay.
It is worth noting that the above given result, which is based on the quantization of the macroscopic Maxwell field for given complex permittivity, exactly corresponds to the result obtained in Ref. [9] within the framework of a fully microscopic approach on the basis of some model medium coupled to the radiation field and a heat bath. Already from the study of the spontaneous decay of an excited atom near an interface [21] it is clear that in the case of inhomogeneous media (of complicated atomic structure) a microscopic approach would be rather involved and closed solutions would hardly be found.
B. Multi-slab planar structures
Let us consider a planar multi-slab structure and assume that the two molecules are in the same slab. The (for the energy transfer between the two molecules relevant) Green tensor of an inhomogeneous system of this type can always be written in the form of
where G bulk (r B , r A , ω) is the Green tensor according to Eq. (53), with ε(ω) being the permittivity of the slab in which the two molecules are located, and the reflection term G refl (r B , r A , ω) insures the correct boundary conditions at the surfaces of discontinuity. Clearly, a decomposition of the type of Eq. (55) is also valid for other than planar systems, provided that the two molecules are located in a region of space-independent permittivity.
To be more specific, let the z-direction be the direction of variation of the permittivity of the multi-slab system and assume that r A and r B are in the jth slab of thickness d j (Fig. 1) . The reflection term in Eq. (55) can then be given by [22] (see also Ref. [23] )
Choosing the coordinate system such that R y = 0, the nonvanishing components ofG refl read
[J n (x) -Bessel function], where
Here, q =p(s) means TM(TE) polarized waves, and r
are the total reflection coefficients at the upper (lower) stack of slabs [j < j (j > j)] of the waves in the jth slab (for details, see Ref. [22] ). Note that when r A and r B are in the top (bottom) slab, then Eqs. (56)-(62) (formally) apply provided that r q +(−) = 0 and d j = 0 are set. If the frequencies of the vibronic transitions that are involved in the energy transfer are sufficiently far from a medium resonance, so that material absorption (in the jth slab) may be disregarded, then the permittivity may be considered as being real and positive. In this case, it may be useful to decompose the integral in Eq. (56) into two parts,
results from waves that have a propagating component in the z-direction, whereas the waves that contribute to G refl 2 are purely evanescent in the zdirection.
Interface
Let the two molecules be embedded in a half-space medium (medium 1) and assume that in the relevant frequency interval the permittivity of the medium ε 1 (ω) can be regarded as being real and positive. When the molecules are near the interface between the two halfspace media such that k 1 (z A + z B ) 1, it can be proved that Eqs. (56)-(59) reduce to (k 1 R x 1) 
[ε 2 (ω), complex permittivity of medium 2]. Note that for r A = r B , Eqs. (66)-(68) just give the Green tensor whose imaginary part determines the influence of the interface on the rate of spontaneous decay of a single molecule [21, 24] . (For some special cases, see also Ref. [15] .) Under the assumptions made, the main contribution to G refl comes from G refl 2 . Hence surface-guided waves (including decaying waves) play an important role and can noticeably influence the resonant energy transfer. In particular when medium 2 is a metal or a dielectric with ε 2 R < 0, (and typically ε 2 I |ε 2 R |), then a strong effect is observed for ε 2 R (ω) = −ε 1 (ω), which is nothing but the condition for best excitation of surface-guided waves [25] .
In the numerical calculation ofw(ω) [Eq. (45)], which contains the relevant information about the influence of the interface on the rate of energy transfer [see Eqs. (44)-(47)], we have assumed that the two molecules are situated in vacuum [ε 1 (ω) = 1] above a half-space medium of Drude-Lorentz type and restricted our attention to a single-resonance medium,
Here, ω P corresponds to the coupling constant, and ω T and γ are respectively the medium oscillation frequency and the linewidth. Recall that the Drude- The behavior ofw(ω) is illustrated in Fig. 2 . It is seen that outside the band gap (ω < ω T ) where ε R > 0 the modification ofw(ω) due to the presence of the interface is small even for small distances of the molecules from the interface. Since in this frequency domainw(ω) may be regarded as being slowly varying on a frequency scale defined by the vibrational frequencies of the molecules, Eq. (48) applies. Thus, the energy transfer rate is simply proportional tow(ω A ).
Inside the band gap, however, the interface can significantly affectw(ω) if, according to Eqs. (66)- (68), ε R (ω) −1 (ω 1.06 ω T in Fig. 2) , that is to say, if the energy transfer transition under consideration is tuned to a surface-guided wave. Note that a negative real part of the medium permittivity can easily be realized by metals. Careful inspection of the contributions G vac and G refl to G reveals that the enhancement ofw(ω) results from G refl , whereas the reduction reflects some destructive interference of G vac and G refl . Another interesting feature is that the reduction ofw(ω) can go hand in hand with an enhancement of the corresponding quantitỹ (see the inset in Fig. 2) .
Further, Fig. 2 reveals that with increasing material absorption (i.e., with increasing value of γ)w(ω) varies less rapidly inside the band-gap region, and enhancement and reduction are thus less pronounced. Clearly, the strong influence onw(ω) of the interface which is observed for small material absorption must not necessarily lead to a correspondingly strong change of the energy transfer rate, because of the integration in Eq. (44). Nevertheless, the results show the possibility of controlling the resonant energy transfer by surface-guided waves. Figure 3 illustrates the dependence ofw(ω) on the intermolecular distance for the case when ω corresponds to a surface-guided wave frequency and a noticeable change ofw(ω) is observed (ω = 1.062 ω T in the figure). It is seen that the R −6
x dependence, which is typical of the Förster transfer in free space, is observed for much shorter intermolecular distances. The relative minima ofw(ω) below the free-space level, which are observed for somewhat larger intermolecular distances, again result from destructive interference between G vac and G refl . Eventually, the large-distance reduction ofw(ω) below the freespace level results from material absorption. As already mentioned, the behavior ofw(ω) in Fig. 3 is dominated by surface-guided waves that decay exponentially along the ±z-directions. With increasing material absorption the penetration depths decrease, so that on averagew(ω) becomes closer to the free-space level. The possibility of controlling the ultrashort-range energy transfer by varying the distance of the molecule from the surface is illustrated in the inset.
In Fig. 4 the dependence ofw(ω) (again for
by surface-guided waves, whereas for larger distances ordinary waves play the dominant role. Note that the oscillatory behavior is typical of the latter case. Clearly, for very large distances (z A , z B λ T ) the free-space behavior is observed.
Comparison with experiments
Recently, experiments have been carried out to study the transfer of excitation energy between dye molecules confined within planar optical microcavities [8] . In the experiments, donors (Eu 3+ complex) and acceptors (1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicabocyanine) embedded within a transparent material (22-tricosenoic acid) bounded by no (weak-cavity structure), one (halfcavity structure), or two (full-cavity structure) silver mirrors are considered. To compare the experimental results with the theoretical ones, we have modeled the halfcavity structure by a planar four-layered system and the full-cavity structure by a five-layered system. The former consists of vacuum, dielectric matter (22-tricosenoic acid, ε = 2.49 [26] , thickness d), metal (silver, ε = −16.0 + 0.6i [26] , thickness 25 nm), and vacuum, and the latter consists of vacuum, metal (silver, thickness 20 nm), dielectric matter (the same as above, thickness d), metal (silver, thickness 25 nm), and vacuum. In each system, the donor is situated in the middle of the dielectric layer, while the position of the acceptor is shifted towards the silver mirror of 25 nm thickness. The Green tensors of the two systems can be calculated according to Eqs (55)-(62). Assigning to silver a Drude-Lorentz-type permittivity [27] , it can be proven that in the relevant frequency interval (of overlapping donor emission and acceptor absorption spectra)w(ω) [Eq. (45) [8] . From the data reported in Ref. [8] it could be expected that the linear relation between the two rates is generally valid. This is of course not the case. Since the energy transfer rate is determined by the full (two-point) Green tensor, whereas the donor decay rate is only determined by the imaginary part of the (one-point) Green tensor, the two rates can behave quite differently, as it is demonstrated in Fig. 5 . In particular, the increase of the donor decay rate at the cavity resonances can be accompanied with a decrease of the energy transfer rate, because of destructive interferences.
In the experiments in Ref. [8] , the measurements are performed on an ensemble of donors and acceptors whose distance is fixed in the z-direction but variable in the x-direction (∆R x ∼ 1 nm). The question thus arises of whether the measured data refer to a single nearestneighboring donor-acceptor pair (R x = 0) or not. In Fig. 6 we have plotted the dependence on d ofw(ω A ) (averaged over the dipole orientations) for the fivelayered system and various values of R x , with R z being fixed. We see that the rates of energy transfer between molecules whose distances are larger than that of nearest-neighboring molecules can be quite comparable with those of the latter. Moreover there are also cases where the energy transfer rate increases with the donoracceptor distance. The experimentally determined energy transfer rates are thus averaged rates, which not necessarily show the characteristic features of single-pair transfer rates. Averaging in Fig. 6w(ω A ) over all values of R x , the resulting curve is expected to be substantially flatter than the solid-line curve (R x = 0), particularly when d sweeps through λ A .
An analysis of the contributions of G ∼ 500 nm for λ A = 614 nm) evanescent waves only weakly affect the donor decay rate, they can strongly affect the intermolecular energy transfer up to cavity lengths of a few micrometers. Note that the resonance lengths seen in Fig. 5 originate from propagating waves.
C. Microsphere
Microspheres have been of increasing interest, because of the whispering-gallery (WG) and surface-guided (SG) waves, which may be employed, e.g., for reducing the thresholds of nonlinear optical processes [28, 29] . Intermolecular energy transfer in the presence of microspheres has been considered for molecules near a small metallic spheroid (spheroid's linear extension λ A ) in the nonretardation limit, for molecules embedded within a dielectric microsphere [11, 12] , and for the case where one molecule is inside a dielectric microsphere and the other outside it [13] . Here we restrict our attention to the influence of WG and SG waves on the energy transfer between two molecules outside a microsphere, taking fully into account retardation effects.
Let ε 1 (ω) and ε 2 (ω) be respectively the permittivities outside and inside the sphere. If the transition dipole moments are parallel to each other and tangentially oriented with respect to the sphere, the relevant (spherical-coordinate) components of
(for the Green tensor of a sphere, see, e.g., [30] ), and for radially oriented dipoles the relevant components are
where [a 1,2 = k 1,2 a; a, microsphere radius; j l (z), spherical Bessel function; h The energy transfer rate for tangentially oriented dipoles (not shown) is in general smaller than that for radially oriented dipoles. Note that whenw(ω) is sharply peaked at the sphere-assisted field resonances, such that it is not slowly varying in the frequency interval where the (freespace) donor emission and acceptor absorption spectra overlap, then it cannot be taken at the electronic energy transfer frequency and put in front of the integral in Eq. (44). In this case, the change of the energy transfer rate will be less pronounced than it might be expected from the frequency response of the electronic part, because of the frequency integration.
IV. CONCLUSIONS
We have given a rigorous, strictly quantum mechanical derivation of the rate of intermolecular energy transfer in the presence of dispersing and absorbing material bodies of arbitrary shapes, showing that both the minimal-coupling scheme and the multipolar coupling scheme lead to rate formulas of exactly the same form. The dependence on the material bodies of the energy transfer rate is fully expressed in terms of the Green tensor of the macroscopic Maxwell equations for the medium-assisted electromagnetic field. In the macroscopic approach, the dispersing and absorbing material bodies are described, from the very beginning, in terms of a spatially varying permittivity, which is a complex function of frequency. The macroscopic approach has -similar to classical optics -the benefit of being universally valid, without the need of involved ab initio microscopic calculations. In so far as such calculations for simple model systems have been performed, the results agree with those obtained from the microscopic approach. Clearly, macroscopic electrodynamics is valid only to some approximately fixed length scale which exceeds the average interatomic distance in the material bodies.
Whereas the donor spontaneous decay rate is determined by the imaginary part of the Green tensor in the coincidence limit, the donor-acceptor energy transfer rate depends on the full two-point Green tensor. Hence, the decay rate and the energy transfer rate can be affected by the presence of material bodies quite differently. Our calculations for planar multilayer structures have shown that enhancement (inhibition) of spontaneous decay and inhibition (enhancement) of energy transfer can appear simultaneously. They have further shown that surface-guided waves can strongly affect the energy transfer, thus being very suitable for controlling it.
In free space it is often distinguished between two limiting cases, namely the short-distance nonradiative (Förster) energy transfer and the long-distance radiative energy transfer. The former is characterized by the R −6 distance dependence of the transfer rate, and the latter by the R −6 dependence. In particular, in the shortdistance limit the energy transfer rate rapidly decreases with increasing distance between the molecules. This must not necessarily be the case in the presence of material bodies, because of the possibly drastic change of the dependence on the distance of the energy transfer rate. So, our calculations for planar multilayer structures have shown that the energy transfer rate can also increase with the distance. witĥ
